Abstract: Venomous snakebites are an important health problem in tropical and subtropical countries. King cobra (Ophiophagus hannah) is the largest venomous snake found in South and Southeast Asia. In this study, the O. hannah venom proteome and the
Introduction
Snake envenomation is an important health problem and occupational hazard among outdoor workers, such as farmers, plantation workers and agricultural harvesters, in tropical and subtropical areas, where venomous snakes have a habitat predilection [1] [2] [3] . It has been estimated that more than 50,000 deaths occur yearly from the snakebites [3] . The majority of cases were from rural areas where access to healthcare facilities is limited and antivenins are usually not available [1] [2] [3] [4] [5] . The treatment mainstay of the venomous snakebites in Thailand relies on the horse-derived antivenins produced by Queen Saovabah Memorial Institute (QSMI), Bangkok. The antivenins may be either monospecific for cases when the causative snakes are known or polyspecific, which neutralizes more than one venom species when biting snakes are not identified [5] . The therapeutic efficacy of the latter depends highly on the amounts of the antibodies that could neutralize the heterologous causative venom components (paraspecificity) [6, 7] . Therefore, insight into the venom proteomes of individual venomous snake species that inhabit common geographical areas/localities, like O. hannah and N. kaouthia, which produce similar clinical features [7, 8] and the identification of common components shared among their venoms should be useful information for treatment indication when homologous and polyspecific antivenins are not available. In this study, the O. hannah venom proteome was characterized, and the components cross-reactive to horse derived-monospecific N. kaouthia antivenin were determined. Paraspecific immunity mediated by the antivenin was evaluated also in mice.
O. hannah Venom, Horse-Derived N. kaouthia Antivenin and HuScFv-Specific to N. kaouthia Long Neurotoxin (NkLN-HuScFv)
O. hannah holovenom and horse-derived monospecific N. kaouthia antivenin (purified equine F(ab)'2) were obtained in lyophilized form from the Queen Saovabah Memorial Institute (QSMI). The lyophilized antivenin was dissolved in ten mL of ultrapure sterile distilled water (UDW), while the venom was dissolved in one mL of normal saline solution (NSS). Protein concentrations of the preparations were determined by using Bradford's reagent (Bio-Rad, Hercules, CA, USA).
For preparing NkLN-HuScFv, the gene sequence coding for the HuScFv (huscfv) in phagemid transformed E. coli clone no. P8/22/3 [10] was subcloned into pET23b + , and the recombinant plasmids were put into BL21 (DE3) E. coli. The transformed bacteria were grown under IPTG induction condition, and soluble NkLN-HuScFv was purified from the bacterial lysate by using Ni-NTA affinity resin (Thermoscience, Rockford, IL, USA). The E. coli-derived NkLN-HuScFv has been shown to neutralize N. kaouthia neurotoxin and rescued the N. kaouthia envenomed mice from lethality [10] . By using the phage peptide mimotope search and multiple alignments, the HuScFv was found to bind to amino acids in loop 3 of N. kaouthia long neurotoxin (accession No. 229777), which is the venom binding site to the neuronal acetylcholine receptor (AchR) [10] .
Characterization of O. hannah Venom Proteome by 1DE-ESI-LC-MS/MS
O. hannah venom was denatured by heating at 95 °C for 5 min in sample buffer (60 mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 1% (v/v) β-mercaptoethanol and bromophenol blue). The sample was subjected to 12% SDS-PAGE and stained with Coomassie Brilliant Blue R-250 (CBB) dye. The SDS-PAGE gel was cut horizontally into 10 equal pieces, destained in 100 μL of 50% (v/v) acetonitrile in ammonium bicarbonate and 100 µL of 4 mM dithiothreitol (DTT), kept at 60 °C for 15 min, alkylated by adding 7 µL of 250 mM iodoacetamide and kept in the dark for 40 min. Excess iodoacetamide was quenched with 3 µL of 4 mM dithiothreitol (DTT). All preparations were dehydrated by using acetonitrile, rehydrated with trypsin solution and incubated at 37 °C overnight. Peptides were extracted from each gel by adding acetonitrile; the supernatant was collected, and the acetonitrile was removed by using speed-vac (Eppendorf, Hamburg, Germany). The samples were subjected to mass spectrometric analysis using ESI-LC-MS/MS (a micrOTOF-Q instrument, Bruker Daltonics, Bremen, Germany). Each peptide preparation was acidified before injecting into an EASY-nLC system (Bruker Daltonics), and the separation was done at a flow rate 300 nL/min. The eluent was sprayed using a capillary voltage of 22 to 28 kV into a nano-electrospray source of the QToF. The cone was at 100 V; the source temperature was 85 °C, and the microchannel plate detector (MCP) was 2300 V. The MS scan mode covered m/z 400-2000. Three most abundant precursors were selected to fragment for 3 s. The MS/MS spectra covered m/z 50-1500. For data analysis, the LC-MS/MS data files were searched against Mascot version 2.4.1 (Matrix Science, London, UK) [12] , which contained 37,848,116 sequence entries, respectively, was used. Bony vertebrate was set for the taxonomy filter. Missed cleavage was set to 1 with peptide tolerance set to 200 ppm and tandem MS tolerance set to 0.6 Da. Fixed modification was set to carbamidomethyl on cysteine. Variable modifications were set to include methionine oxidation. Only peptides identified above 95% confidence were reported in this study. Each identified peptide was searched against Basic Local Alignment Search Tool (BLAST) [13] for considering isoforms of proteins [14] .
Determination of O. hannah Venom Components Cross-Reactive with N. kaouthia Antivenin
O. hannah venom was subjected to two-dimensional gel electrophoresis (2DE) [15] . Three aliquots of 75 µg of the O. hannah venom were each dissolved in a DeStreak TM rehydration solution that contained pH 3-10 NL IPG buffer (the final volume was 125 µL), and each solution was added into a strip holder of the Ettan IPG Phor Electrofocusing System (Amersham Biosciences). An IPG strip was placed into each strip holder containing the venom (right side down) and allowed to rehydrate at 20 °C for 12 h. Electrophoresis of the IPG strips was performed at 300 V for 30 min, 1000 V for 30 min and 5000 V for 72 min. For the second dimension, the focused IPG strips were equilibrated in a reduction buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS, 0.002% bromophenol blue and 1% (w/v) DTT] at 25 °C for 15 min and in an alkylation buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS, 0.002% bromophenol blue and 2.5% (w/v) iodoacetamide) at 25 °C for 15 min. The SDS-PAGE was carried out in a 15% gel cast in Mini PROTEAN ® 3 Cell (Bio-Rad) at 10 mAmp/gel during the first 15 min and 20 mAmp/gel until the tracking dye reached the lower gel edge. One gel was stained by CBB dye; the separated components of the other two gels were transferred to two nitrocellulose membranes (NC) for 2DE-immunoblotting. One NC blot was probed with horse monospecific N. kaouthia antivenin (1:100), while another blot was probed with normal horse immunoglobulin (equal protein concentration to 1:100 of antivenin). The O. hannah components bound by the horse antibodies were revealed by using goat anti-horse immunoglobulin-alkaline phosphatase (AP) conjugate (Southern Biotech, Birmingham, AL, USA) and 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP/NBT) substrate (KPL, Gaithersburg, MD, USA). The venom spots on the CBB stained 2DE-gel relevant to the spots that reacted to the horse antivenin on the first 2DE immunoblot membrane, but that did not react to the normal horse immunoglobulin on the second immunoblot membrane were excised out and digested with trypsin. Peptides were subjected to protein identification by ESI-LC-MS/MS using a micrOTOF-Q instrument (Bruker Daltonics, Bremen, German). Each identified peptide was searched against the O. hannah nucleotide database.
Median Lethal Dose (LD 50 ) of O. hannah Venom in Mice
The LD 50 of O. hannah venom in mice was determined using a previously established method [16] [17] [18] . Mice (6 mice per group) were injected with varying amounts of O. hannah venom in 200 µL of sterile NSS intraperitoneally (i.p.). Alternatively, mice were injected intramuscularly (i.m.) with O. hannah venom in 30 µL of sterile NSS in order to simulate the most common route of the snakebites. Control mice received NSS only. The mortality of the mice in all groups was observed, and the experiments were terminated at 48 h post-injection. The LD 50 of the i.p. and the i.m. injected venom were calculated from two reproducible experiments [19] .
Cross-Neutralization of O. hannah Venom by N. kaouthia Antivenin
The cross-species neutralization of the N. kaouthia antivenin was performed as described previously [17, 18] . Seven groups of 5 mice each (Groups 1-7) were prepared. O. hannah venom (1.5 LD 50 ) was mixed with the N. kaouthia antivenin in 1:5, 1:10, 1:20 or 1:40 (w/w) and kept at 37 °C for 30 min. Individual mice of Groups 1-4 (test groups) were injected i.p. with the venom-antivenin mixtures (500 μL) [16] [17] [18] . Each mouse of Group 5 received normal horse serum (an equal protein concentration to Group 4) in 500 μL NSS (background neutralization control). Mice of Group 6 received 1.5 LD 50 O. hannah venom in 500 μL NSS (non-neutralization control). Mice of Group 7 received N. kaouthia antivenin only (an equal protein concentration to Group 4 in 500 μL NSS) and served as non-envenomed control. The numbers of dead and alive mice at 48 h post-injection were recorded, and the antivenin effective dose (ED 50 ) was calculated [19] .
Alternatively, six groups of 5 mice each (Groups 1 ) i.p., respectively; ten minutes later, they were given another i.p. dose of NkLN-HuScFv and the irrelevant HuScFv (an antibody amount equal to Groups 3 and 4, respectively). The numbers of dead and alive mice at 48 h post-injection were recorded and the percent of survival of the mice was calculated.
O. hannah Venom Components Cross-Reactive to NkLN-HuScFv
O. hannah venom was subjected to 2DE, as described above. The separated components were electroblotted onto two pieces of nitrocellulose membranes (NC) The blotted membranes were kept in a Tris-buffered saline solution containing 3% bovine serum albumin (BSA) and 0.2% gelatin (TBST) at 25 °C for 1 h. After blocking, one blotted membrane was probed with the histidine tagged-NkLN-HuScFv and another was reacted with control histidine-tagged HuScFv (specific to influenza virus matrix protein-1) at 25 °C for 1 h and at 4 °C overnight. Separated O. hannah components bound by the HuScFvs were revealed by using the mouse anti-histidine tag antibody, goat anti-mouse immunoglobulin-AP conjugate and BCIP/NBT substrate, respectively. The venom protein spots on the 2DE-gel stained with CBB dye relevant to the spots that appeared on the 2DE-immunoblot membrane probed with NkLN-HuScFv, but that were absent on the membrane probed with the irrelevant HuScFv were excised out and digested with trypsin. Peptides were subjected to protein identification by ESI mass spectrometry using the Ultimate 3000 nano HPLC system (Dionex) coupled to a 4000 Q TRAP mass spectrometer (Applied Biosystems). Tryptic peptides were loaded onto a C18 PepMap100, 3 µm (LC Packings) and separated with a linear gradient of water/acetonitrile/0.1% formic acid (v/v). Spectra were analyzed to identify the proteins of interest using Mascot sequence matching software (Matrix Science) with the Ludwig non-redundant (NR) database.
Computerized Procedure for Determining the Interactions between NkLN-HuScFv and Long Neurotoxins of N. kaouthia and O. hannah
Interactions between NkLN-HuScFv with N. kaouthia and O. hannah long neurotoxins were elucidated by using computerized simulation. The amino acid sequences of the venom proteins were obtained from the UniProt Protein Knowledgebase [20] . The venom protein sequences were used for searching experimental three-dimensional (3D) structures of the venom components by means of the Protein Model Portal [21] from the Research Collaboratory for Structural Bioinformatics (RCSB) protein data bank [22] . Only the 3D structure of N. kaouthia long neurotoxin was available. Thus, the amino acid sequence of the O. hannah long neurotoxin, as well as the NkLN-HuScFv sequence were subjected to homology modeling [23, 24] by the Iterative Threading Assemble Refinement (I-TASSER) server service [25] . The predicted models derived from I-TASSER were subsequently refined by using two server services, i.e., the high-resolution protein structure refinement, ModRefiner [26, 27] , and the fragment-guided molecular dynamics (FG-MD) simulation [28, 29] . The local geometric and physical qualities of the predicted 3D structures were improved to make them come closer to their native state. The refined models were docked according to a fast Fourier transform (FFT)-based program, i.e., PIPER. The antibody-venom component dockings were performed by using the antibody mode available on the automated ClusPro 2.0 protein-protein docking server [30] [31] [32] [33] [34] . The largest cluster size, which indicated a region of local minimum energy and a near-native state protein conformation, was chosen for each docking. The protein structure models and the molecular interactions were built and visualized by using PyMOL software (The PyMOL Molecular Graphics System, Version 1.3r1 edu, Schrodinger, LLC, NY, USA).
Results

O. hannah Venom Proteome
The proteins of the O. hannah venom ranged in masses from <10 to 130 kDa ( Figure 1 ). The trypsin digested peptides of proteins in each gel piece of the Figure 1 were subjected to ESI-LC-MS/MS analysis and database search. The O. hannah venom peptides matched with the peptides of the proteins of the database are shown in Table 1 . They could be classified into 14 different protein types/families (Table A1) , i.e., three finger toxin, phospholipase, cysteine-rich secretory protein (CRiSP), cobra venom factor/complement C3, muscarinic toxin, L-amino acid oxidase, hypothetical protein, low cysteine protein, phosphodiesterase, protease, Vespryn toxin, Kunitz, growth factor activator and others (coagulation factor, endonuclease, 5'-nucleotidase). 
O. hannah Venom Components Cross-Reactive to N. kaouthia Antivenin
The majority of the venom proteins after 2DE and CBB staining were located in two areas: the ~10-17 and ~26-130 kDa regions ( Figure 2 ). Ten protein spots reacted to the N. kaouthia antivenin, but did not react to the normal horse immunoglobulin ( Figure 3 ). The O. hannah venom peptides generated from the protein spots that matched with the protein sequences of the database are shown in Table 2 . They could be classified into six functionally different proteins (Table A2) including: cobra venom factor/complement C3, i.e., O. hannah venom factor precursor protein (Spots 1 and 3); cardiotoxin-like protein (three finger toxin) (Spot 2); cysteine-rich secretory protein (CRiSP), ophanin/opharin/opharin precursor (Spots 5 and 6); weak neurotoxin precursor (three finger toxin) (Spots 7 and 10); long chain neurotoxin (three finger toxin) (Spots 8-10); short chain α-neurotoxin (three finger toxin) (Spots 9 and 10). No protein in the database matched the peptides of spot 4. 
Cross-Neutralization of O. hannah Venom by HuScFv Specific to N. kaouthia Neurotoxin
Mice injected with a mixture of O. hannah venom (1.5 LD 50 ) and NkLN-HuScFv at 1:10 and 1:50 (w/w) (Groups 1 and 2, respectively) had significantly longer death times (111 ± 16.5 and 155 ± 58.7 min, respectively) compared with the mice injected with the venom alone (78 ± 7.3 min) (p = 0.00008 and 0.0004, respectively) ( Table 3 (Table 3) .
O. hannah Venom Components Cross-Reactive to NkLN-HuScFv
There were four protein spots (1-4) of the 2DE-O. hannah venom that were bound by the NkLN-HuScFv (Figure 4a ), but that were not bound by the irrelevant HuScFv (Figure 4b ). The proteins in the spots 1 and 2 were identified as three finger toxins, i.e., short and long chain neurotoxins, while no protein in the database matched with the proteins of the spots 3 and 4.
Computerized Models of Interactions between N. kaouthia and O. hannah Long Neurotoxins and NkLN-HuScFv
The crystal structure of N. kaouthia long neurotoxin (CBTX) was found in the database (PDB ID: 1CTX), while the 3D structures of the O. hannah long neurotoxin (OH-LNTX28) and NkLN-HuScFv had to be modeled by the I-TASSER service. The modeled scores of the OH-LNTX28 and NkLN-HuScFv were 1.16 and 1.14, while the expected template-modeling (TM) scores were both 0.87 ± 0.07 and the expected similarity (RMSD) scores were 1.2 ± 1.2 and 3.5 ± 2.4 Å, respectively, which indicated the appropriateness of the modeled structures. The details of the interactions between N. kaouthia long neurotoxin (CBTX) and O. hannah long neurotoxin (OH-LNTX28) with NkLN-HuScFv are shown in Table 4 and Figure 5 . The alignments of the amino acid sequences of N. kaouthia and O. hannah neurotoxins and the residues of both toxins recognized by NkLN-HuScFv are shown in Figure 5a . The largest clusters obtained from ClusPro 2.0 were 274 and 215 members, respectively. The lowest energies of the representative models of the molecular dockings were −262.9 and −281.2 kcal/mol, respectively. According to the docking outputs, NKLN-HuScFv used the amino acids D55, Y52, Q104, D55/D57, E74 and N28/S31 in the VH domain to interact with six amino acids of the CBTX, including W25, C26, S31 and R36 in loop 2 and K49 and T50 in loop 3 of N. kaouthia long neurotoxin, respectively (Table 4 and Figure 5b,d) . The antibody used the VH residues, including Y52, D57, Q104, D57, D54/D55, N28 and S31 of CDRs1-3, to dock on O. hannah mature long neurotoxin (Q2VBP4) residues C26, W29, G31, R33 and K36 in loop 2 and R47 and N49 in loop 3 of the O. hannah long neurotoxin, respectively (Table 4 and Figure 5c ,e). 
Discussion
In this study, 1DE gel-based proteomic analysis was used to reveal the O. hannah venom proteome. The venom proteins ranged in sizes from <10 to 170 kDa, which conformed to the previous data [35] . The O. hannah venom showed two major protein bands at 10-17 and 72 kDa, which, more or less, similar to the Malaysian O. hannah venom that had predominant bands at 15-20 and 100 kDa [36] . The differences observed in different studies should be due to the different geographical areas of the cobras, as well as the technical details [37] .
O. hannah venom components have been studied previously [38] [39] [40] . By using 2DE and MALDI-ToF mass spectrometry [38] , 12 venom proteins were reported, i.e., weak toxin DE-1, cysteine-rich secretory protein, metallothionein-3, metallothionein, hypothetical proteins, putative DNA invertase, ribosomal protein S17P, small heat stress protein class CIII, XYLDLEGF operon transcriptional activator-II, Phe-Met-Arg-Phe amide neuropeptide precursor, cytochrome c-553 precursor and protein similar to the microtubule-associated RP/EB family. Among these proteins, only the weak toxin, DE-1 and cysteine-rich secretory protein were toxic. Seventeen different protein families in the venom gland of Indonesian king cobra (Ophiophagus hannah) were predicted by using a draft genome and deep transcriptome sequencing [39] , i.e., three finger toxin, phospholipase-A2 (PLA 2 ), acetylcholine esterase, metalloproteinases, cysteine-rich secretory protein, cobra venom factor (CVF), hyaluronidase (HYA), Kunitz (serine protease inhibitor), lectin, nerve growth factor (NGF), natriuretic peptide (NP), peptidase, phospholipase-B (PLB), vascular endothelial growth factor (VEGF), ohanin, waprin (protease inhibitor) and various other proteins. Recently, pooled samples of king cobra venom from Indonesia, Malaysia, Thailand and two provinces of China were found to contain eight novel PLA 2 s. Three finger toxins, i.e., OH-55 (long neurotoxin) and OH-27 (beta cardiotoxin), and the Kunitz inhibitor (OH-TCI) were common in all of the five O. hannah venoms. Southeast Asian O. hannah venoms contained higher metalloproteinase, acetylcholine esterase and alkaline phosphatase than the Chinese venoms [41] . In this study, O. hannah venom proteome were revealed by 1 DE and ESI-LC-MS/MS and found that peptides of the venom matched with 14 different protein types/families of the database. Among them, long and short neurotoxins, weak neurotoxin, muscarinic toxin, phospholipase-A 2 cardiotoxins, phospholipase-B, zinc metalloproteinases, ohanin, serine protease inhibitor, cobra venom factor (CVF) and cysteine-rich secretory protein (ophanin) proteins were found, which verified the transcriptomic data reported previously [39] .
The majority of the venom proteins located at ~10-17 and ~26-130 kDa after 2DE and CBB staining, which reproduced the 1DE data and was relatively similar to the 2DE pattern of O. hannah venom reported previously [36, 38] . N. kaouthia antivenin reacted with ten O. hannah proteins, all of which were toxic. N. kaouthia and O. hannah were both elapid snakes and their venoms shared common components [38, 41] . The two snake species also have the same geographical and diet predilection [42] . Therefore, the in vivo cross-neutralization of monospecific N. kaouthia antivenin against the O. hannah venom could be expected.
Cross-neutralization of horse-derived monospecific N. kaouthia antivenin of QSMI to O. hannah venom was as expected. The effective dose fifty (ED 50 ) of the N. kaouthia antivenin when mixed with the O. hannah venom (1.5 LD 50 ) and injected i.p. into the mice was 19.6 µg/g body weight, while the ED 50 of the antivenin when used to treat the envenomized mice that received the 1.5 LD 50 of O. hannah venom i.m. followed by the antivenin intravenously was 13.5 μg/g body weight.
Leong et al. [43] reported that the ED 50 of the QSMI horse-derived N. kaouthia antivenom when incubated at 37 °C for 30 min with 2.5 LD 50 of O. hannah venom and injecting the mixtures into the caudal veins of mice was 2.80-3.35 (average 3.07) mg/mL. Because the amount of the antivenin injected into individual mice in the study [43] was not mentioned and also due to the different LD 50 used, the ED 50 of the antivenins in the previous and the present studies could not be compared.
The gene sequence coding for HuScFv of clone 8/22/3 [10] that neutralized N. kaouthia neurotoxin and that rescued 100% of the N. kaouthia envenomized mice from lethality was subcloned from pCANTAB5E phagemid vector into pET23b The 2DE proteomics and the 2DE western blot analysis used for revealing the components of the O. hannah venom and the components recognized by the antibody, respectively, have some limitations. The 2DE method may not recognize components present in minute amounts in the holovenom [41] . The 2DE immunoblotting provided a qualitative assessment and did not provide the degree of immunoreactivity (avidity/affinity) of each antigen-antibody interaction. Besides, the antibodies could recognize only the denatured venom components in the assay and, thus, could not reveal the binding of conformational epitopes present in the native proteins.
According to the molecular docking results, NkLN-HuScFv used all three CDRs, as well as FR3 of the VH to dock on six residues of N. kaouthia neurotoxin, while the VL domain was refractory. Four neurotoxin residues, i.e., W25, C26, S31 and R 36, are located in the neurotoxin protruded long central loop (loop 2) and the other two, i.e., K49 and T50, are located in loop 3. Both loops are important for high affinity binding of the neurotoxin to the α7 subunit of the neuronal acetylcholine receptor. The results of the 3D structure docking, more or less, conformed to the previous finding, which indicated by means of a phage peptide mimotope search and multiple alignments with the neurotoxin linear sequence that NkLN-HuScFv bound to the 47TVKT50 in loop 3 of the N. kaouthia neurotoxin [10] . Multiple alignments of the N. kaouthia neurotoxin amino acid sequence with neurotoxin sequences of other snakes indicated that the tentative epitopic peptide of the NkLN-HuScFv existed also in the neurotoxins of heterologous snake species, for example, 47TVKP50 [10] . NkLN-HuScFv used all three CDRs of the VH to bind to seven amino acids, i.e., C26, W29, G31, R33 and R36, in loop 2 and R47 and N49 in loop 3 of O. hannah long neurotoxin, which are important also for the acetylcholine receptor binding. Taken altogether, the results indicate that NkLN-HuScFv mediated the neurotoxin neutralization by interfering with the toxin binding to the acetylcholine receptors and, consequently, rescuing the envenomed mice from death.
The HuScFv could be prepared in vitro without animal immunization, and the molecule is a human protein; thus, it should be appropriate and safe for human use. The small antibodies have high solubility, reproducible refolding capacity and thermal stability, which ease the production process. It is envisaged also that a cocktail of the in vitro produced human ScFvs to various toxic venom components shared by different venomous snakes, exemplified by the recombinant NkLN-HuScFv in this study, should contribute to a possible future design of an improved alternative anti-snakebite remedy.
Conclusions
By using one-dimensional gel-based proteomics, the O. hannah holovenom was found to consist of 14 different protein types/families. N. kaouthia antivenin produced by the Queen Saovabah Memorial Institute (QSMI), Bangkok, cross-reacted to several functionally different O. hannah venom proteins and could rescue the envenomed mice from lethality. The phage display-derived recombinant N. kaouthia long neurotoxin-specific HuScFv cross-neutralized the O. hannah short and long neurotoxins and was able to extricate the O. hannah envenomed mice from death in a dose escalation manner. The data are useful for snakebite treatment when and where the polyspecific antivenin is not available. These three-finger toxins bind to muscular and neuronal nicotinic acetylcholine receptors (α-7-9) and block neuromuscular transmission at the postsynaptic site causing paralysis [44, 45] .
Appendixes
Short neurotoxin
OH-35, This neurotoxin binds to muscarinic acetylcholine receptor and blocks synaptic nerve transmission [46] .
OH-46
This three-finger toxin binds and inhibits the nicotinic acetylcholine receptor [47] . Cardiotoxin/Cytotoxin CTX-15 (OH-84), CTX-21 and CTX-23 These three-finger toxins are cytotoxic and hemolytic [48] .
CTX-27 (ß Cardiotoxin)
Acts as a beta-blocker by binding to beta-1 and beta-2 adrenergic receptors. It dose-dependently decreases the heart rate. At 100 mg/kg, intraperitoneal injection into mice mediate labored breathing, impaired locomotion, lack of response to external stimuli, and death (after 30 min) [49] .
Weak neurotoxin WNTX-34
This three-finger toxin binds to muscular and neuronal (α-7) nicotinic acetylcholine receptors with low affinity and very low affinity, respectively [46] . Neurotoxin-like Neurotoxin-like protein 1 Unknown
Weak toxin OH-DE-1
Binds to the muscular nicotinic acetylcholine receptor causes paralysis by blocking neuromuscular transmission at the postsynaptic site [38, 50] . Binds to voltage-gated calcium channels on smooth muscle and causes high potassium-induced depolarization which weakly blocks smooth muscle contraction [52] .
Cysteine-rich venom protein-2 (Natrin-2)
This protein acts as an inflammatory modulator that interferes with wound-healing process of the bitten victim by regulating adhesion molecule expression on endothelial cells [53] and also blocks muscle contraction evoked by potassium [54] .
Cysteine-rich venom protein
Blocks contraction of smooth muscle elicited by high potassium-induced depolarization and target voltage-gated calcium channels (Cav) on smooth muscle [55] . 4. Cobra venom factor/ complement C3 O. hannah complement-depleting factor Anti-complement activity [56] .
Muscarinic toxin, type A O. hannah muscarinic toxin-38
This toxin binds to muscarinic acetylcholine receptor and blocks synaptic nerve transmission [57] .
6. L-amino acid oxidase L amino acid oxidase
These enzymes catalyse oxidative deamination of L-amino acid to form α-keto acid, NH 4 and H 2 O 2 . The enzymatic activity on platelet aggregation is controversial: inhibit platelet aggregation induced by ADP and the thromboxane analog U46619 versus induce platelet aggregation through the hydrogen peroxide formation. The H 2 O 2 also causes edema and human cell apoptosis [58] [59] [60] Phosphodiesterase catalyzes the hydrolysis of phosphodiester bonds of double-stranded and single-stranded DNA, rRNA, and tRNAs resulting in 5' mononucleotide formation and subsequent release of free adenosines which are multitoxic [62] .
Proteases Metalloproteinase
Protobothrops jerdonii disintegrin
It inhibits ADP-induced human platelet aggregation. It binds the receptor GPIIb/GPIIIa on the platelet surface resulting in hemorrhage [63] .
Zinc metalloproteinase-disintegrin-like ohanin Snake venom zinc metalloproteinase that has hemorrhagic activity. Inhibits ADP-, TMVA-and stejnulxin-induced platelet aggregation in a dose-dependent manner (on washed platelet, but not on platelet rich plasm). Also specifically degrades alpha-chain of fibrinogen (FGA) [64] Zinc metalloproteinase-disintegrin-like mikarin Snake venom zinc metalloproteinase that calcium-independently catalyzes the conversion of prothrombin (F2) to alpha-thrombin through the formation of a thrombin intermediate. [65] Metalloproteinase-precursor unknown Kallikrein enzyme OH fibrinogenases -α and -ß These O. hannah venom serine proteases mediate fibrinogenolysis on both alpha and beta-chains of fibrin and amidolytic activity [66] . 
